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ABSTRACT ;2 22_/‘K:l'. ‘
Out of the potpourri of technologies used to obtain microminiature cir-
cuits has evolved a discipline called ﬁicrbelectronics. Photolithograbhy and
the chemical and physical processes in materials are united to provide building
tlocks of electronic sysiews which are extremely smalil and relisble. Micro-
electronics enables a direct, rapid, and effective solution to many of the

problems of present-day science including not only those of electronic and

aerospace disciplines, but to an increasing degree, those of biology and the

medjcal sciences. CipbA/iiﬁx%
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MICROELECTRONICS

The general fleld of microelectronics, by virtue of its newness arid chal-
lenge, has been writﬁen on extensively and in detail. This article, therefore,
I will direct at the underlying principle and philosophy and, more importantly;
at some of the ultimate potentials which its techniques can accomplish railer
than to add to the voluminous documentation of detailed procedures. I should
like to introduce the article in this light with an excerpt from the pagés of
Von Hippel's "Molecular Science and Molecular Engineering"t

"Fundamental Science - - - has reached the stage where a

more powerful approach [}o electronics|{ becomes possible"

"Molecular Engineering," the building of materials to

order - - - the time of synthesis has arrived, in which

we begin to think about the fundamental properties of

mateer and their application in unified vision,"
I would especially like:to call attention In the beginning to the importance of
the technique of synthesis in bullding systems to accomplish desired objectives.
Microelectronic and molecular engineering, which I shall use almost Iinter-
changeably In the following because of their exceedingly close relationship,
are beginning to provide building blocks that enable the direct, rapid, and
effective solution of many of the problems of present-day science including
not only those of electronics and aerospace disciplines, but to an increasing
degree, those of biology and medical sciences. This comes about by virtue of
the fact that most desired performance objectives such as the determination of
the way in which a man's or other animal's body reacts to its environment are
accomplished through the performance in sequence, however complex, of certain

basic and usually simple functions. In a good many cases these functions are
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as simple as determining tha£ something is or is not: +thus, a heart beats or
it does not; a spacecraft is gbove a certain temperature or it is not; a cer-
tain time has been exceeded or if has not.

This is-or-is-not function, of course, has become almost the fundamental
basls of the computer industry. Other simple functions, amplification, detec;
tion, modulation, and likewise simple signal conditioners, are the building
blocks of many technologies to accomplish an overail function which is fre-
quently described as data acquisition. Data, of course, is the accumulation
of knowledge from which a scientist is able to draw conclusions in the light of
his knowledge and experience and enables progress.

I shall outline in the following, first, the history and background of the
wmicrcelectronic discipline in a chronological order giving a few representative
examples of the types of. equipment that are currently in use and a critique on
potentialities and sprinkle throughout the discussidn what I belleve are the

significant objectives to which the field may aspire in a philosophical sense.

Background
The word microelectronics, first coined by the Diamond Ordnance Fuze

o TN N .
Laboratories~ (DOFL) of

ashington, D.C., has become generic and refers vir-
tually to all concepts of microminiaturization. Those who first directed
thelr efforts to microminiaturization to achieve small size and later reli-
ablility were members of a National Bureau of Standards research group which
evolved into DOFL. A proximity fuse for artillery weapons was the focal point
of these efforts. Subsequently, the emphasis on relisble performance of
nicrominiature electronic fuses led to microelectronics. Reliability, then, is
one of the central factors of microelectronics. Of course, the search for

reliability is not unique to spacecraft; medical electronics, the mass
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: »
production industries, and the military also demand reliable performance from

eiectroniC'systems;' 

Reliability impliés a8 predictability as to the prdbable life, not the ad
infinitum performance of & system - a condition not readily met without a basic
knoﬁledge of the physical and chemical properties of electronic devices.
Simple electronic devices can be deceptive. I can recall my own experiences in
attempting to assess the relliability of gas thyratrons - simple three electrode
controlled gas discharge tubes where electrical excitation of one electrode
triggered a discharge between the other two. These were common welding process
control devices in wide use in the automoti?e industry and a predictable end of
life would be advantageous to users as it would allow an orderly'preventive
maintenance program rather than experience costly malfunctions on mass produc-
tion lines. I learned from this experience that the gaseous electrical dis-
charge is one of nature's most complex phenomena, understood only empirically.
Reliability can only be accurately predicted with scientific facts and not by
the probative theory of empiricism. This particularly applies to thermionic
emission, upon which the vacuum tube depends for proper functioning. Electronic
systems consistently yielded reliability to the vagaries of the vacuum tube,
for vacuum tube technology, especially thermionic emission at best is not com-
pletely understood. Regardless of the skill of the designer, the life and
aging characteristics of the thermionic cathode always cast a shadow of doubt
on the reliability of performance.

The physics of gas discharges, thermionic emission, conductivity in carbon
resistors, and all the electrical processes of electronic systems had to be
determ’ ned more accurately; the only alternative, of course, was to seek new

material phenomenon which were predictable and applicable to electronics
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systems. Curiously enough, it was during one of the fundamental studies to
seek a better understanding of dielectric materials, that solid state elec-
tronic devices were discovered which were to be the successful replacements of
the gas and vacuum tube. For out of the basic studies of Brattain and Bardeen’
in 1948 came the transistor, and shortly thereafter Shockleyh developed a P-N
Jjunction theory, predicting Jjunction transistor action, and designed the
classical "paper transistor." Shockley's theory made it possible to quantita-
tively check.theory in terms of the basic semiconducting properties of a junc-:
tion. Here was a device based on a physical phenomenon which was understood
and predictable. Within 15 years transistors became the mainstay of elec-
tronics, and monocrystalline valence semiconductor theory the foundation of
microelectronics. Thus the problem was solved by revolution rather than evolu-
tion and it is bypasses in technology such as this that produce real progress.

Reliability and miniaturization problems, however, were not solved by
P-N Junction theory alone. Processing technology ls not automatically advanced
with each .ewly discovered material phenomenon, hence, early transistors were
not reproaucible in quality and performaence. Regardless of the skill of the
designer, circuits had to be individually trimmed for proper operation. Other
components in the electronic system such as resistors and capacitors suffered
from the same constraint: thus, compdnents were selected ocut of large produc-
tion lots and graded to a specification. Obviously, the fundamental physical
and chemical processes were not understood -~ a condition detrimental to the
- requirements of enhanced reliability. In view of this, one can outline in
simplified form two basic guidelines for the processing of reliable systems:
The electronic system, building block, or component must be processed by repro-

ducible techniques whose quality could be described statistically; they must
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operate within the concepts of understood physical or chemical processes. Of
all the processing techniques attempted, selected microelectronic technologies
appear to best satisfy these basic guidelines. Technologies developed out of
associated microelectronicsPresearch are approaching a higher reliability, a
'reliability which apparently could not be achieved with discrete component and
wiring techniques.

The next thing to be noted is the implementation of this "paper technology"
into usable electronic functions or building blocks. In contrast to previous
fabricatibn techniques, microelectronics demand exacting circuit design. In
view of the investment of time and materials, this should not be difficult to
accept. Mass production techniques, however, are applicable to microelectronic
disciplines and finsal costs for qualit& systems are actually lower than for
equivalent discrete electronic functions.

I1lustrated in figure 1 are the various gpproaches to microelectronics.
For comparison, two circuits, which I shall call conventional, are also shown.
Each circuit is identical in function only and performs an "is" and an
"is-not" function or more commbnly, a flip-flop or binary counter. Note that
the printed circuit board flip~flop is similayr to the adjacent thick film cir-
cuit. It is, in fact, a one-for-one correspondence as each component occupies
the same general location and is easily identifiable. Component identification
will become increasingly difficult as other disciplines are discussed.b

The thick film circuit shown here in figure 1(b) is fabricated by a varia-
tion of the silk screen printing technique; a stainless-steel precision screen
replaces the silk and electroceramic materials replace the dyes. Conductors,
resistors, and capacitors are fabricated by the screen circuit technique on a

ceramic substrate. Transistors and diodes are attached as discrete components
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as a compatible process for active device fabrication has not been developed.
In the thick film circuit, bulk properties of materials are utilized. A thick
film may be defined as a thickness at least ten times greater than fhe mean
free path of an electron in that material. "Thin film" has been loosely
employed to describe any film deposited by evsporation, sputtering, or pyroly-‘
tic processes, but strictly speaking a thin film has a thickness on the order
of the mean free path of an electron in that material.

Figure 1(c) is an evaporated thin film circuit formed on a substrate of
glass or polished alumina. ©Some resistors are thin films as they utilize the
surface properties more than the bulk properties to achieve higher resistivities
than the elemental material. The conductors are thick films and the capacitors
are usually conventional sandwiched dielectrics, with thick film electrodes and
silicon oxide dielectrics. Active devices are usually attached separately as
with the thick film screen circult. Inductors in both disciplines are either
attached separately or if the inductance is sufficiently low, a metallic spiral
inductor may be deposited on the substrate. Some thin film active devices are .
being investigated, but none has proved commercially successful.

The fourth illustration in figure 1(d) is an integrated circuit. It has
relied heavily on transistor fabrication technology for its success. Active
devices, capacitors, resistors, and some very low inductances are formed within
the substrate. In the previous disciplines the substrate served only as a
structural skeleton to support the components. On the other hand, integrated
circuits utilize the basic physical properties of the substrate, a monocrystal-
line semiconductor, the properties of which can be locally modified by the dif-
fusion of impurities into the lattice structure. Current carrier mobility is

thus modified and the current carrier mechanism, hole or electron, selected.
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Discrete areas of the small silicon crystal substate are isolated by one of
several means,5 and, 1in each area, devices are formed by planar diffusion.
Planar formation of components can be defined as a two-dimensional fabrication

technique where thin film impurity centers are locally diffused into a crystal-

Tine surface. Triply diffused concentric layers at varying impurity concentra- '

tions and depths form the atom spaced phase boundaries necessary for transistor
action. Heré, as in other microelectronic techniques, precise location of
Junctions and dimensional control of the diffused surface area is critical.
Variations of impurity dopant and concentration may be used to form resistors,
transistors, and diodes. Hence simultaneous and sequential formation of
devices 1is possible by the same basic process. The devices are interconnected
by an evaporated metal film pattern.

The thick film, thin film, and integrated circuits are available in many
forms and variations each dictated by the basic limitations of each technology.
At times and with sacrifices in reliability, the best feature of each of these
is used to great advantage to form a hybrid technology. Economics, electrical
characterisﬁics, and application serve as constraints on each variation or
form. The chart in tsble 1 shows some of these constraints. The thin films
do not show a great advantage in any area except potential resistance to
radistion damage. The advantages of one technology over the other are more
readily apparent when one considers the process, materials, and applications.

The disciplines I have just discussed may be considered as commercial
microelectronics. There are two other basic concepts in the developmental
stage which merit comment: Molecular electronics and electron-beam machine

thin films.

»
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Stroull6vin 1958 developed a molecular circuit where the bulk properties )
of PfN Junctions in a silicon crystal were employed to form a light detéctor.
Basicélly a light energy-qepgndent variéble-frequency oscillator, it was the
first announced semiconductor integrated circuit. It was also truly molecular,
in that the smallest part still retained the general properties of the whole.
The commercial success of the more discrete diffused monolithic integrated cir-
cuits deemphasized the molecular approach, but research and development are
continuing. Stroull has said that it is only a matter of time before renewed
efforts in this area will yield a wide variety of functions. However, the
ground work had been laid for the monolithic semiconductor integrated circuit,
& technology more related to the thin film than the molecular circuit. -
Shoulders' in 1960 at the Stanford Research Institute published a report
describing electron beam micromachining techniques and their application to
microelectronics. Virtually all existing microelectronic fabrication methods
are based on light optics and hence are diffraction limited. Electron optics
is required to resolve dimensions less thean 1.micron and Shoulders has
developed techniqies to fqrm.micron—sized components. A thin metallic film is
evaporated on a substrate and coated with a thin organic resist film which can
be polymerized by electron beams. A silicon alcohol, triphenylsilanal, is
preferred because the unpolymerized surface will evaporate readily and when
heated may be removed by the vacuum system. A silica pattern remains and
serves as an etchant mask. By these means, he has succeeded in obtaining
better than 200 angstrom line resolution. Utmost purity and a very high
vacuum, 10-12 torr, are required to obtain these resolutions. Chlorides and
fluorides make excellent etchants as their byproducts are easily removed under

vacuum. With these techniques, Shoulders has made field emission devices. He

=
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does not intend to use P-N Junction semiconductor phenomenon as his devices
will rely heavily on Townsend gas discharges, Esaki electron tunneling, field
cmission, and photoconductive effects. One of the primary applications of
Shoulder's effort is the learning machine.® Micron-sized components will serve
as active deiices and adaptive weights memories for large-scale learning
machines and adaptive mechanisms. By 1970, under sponsorship of the Office

of Naval Research and the Electronics Research and Development Laboratories,
Fort Mommouth, New Jersey, systems are expected to be in operation with very

small multimillion bit memories and self-organizing systems.

Photolithography

-

The fabrication of any microelectronic structure demands precise repro-
duction of the form factors which define the electrical characteristics of the
components. Resistors and capacitors are defined by the length, width, thick-
ness, and nature of the material; transistor and diode characteristics are
defined oy atom spaced "boundaries" within a semiconductor crystal. Obviously,
this exceeds the diffraction limit of light optics. The reproduction of complex
patterns with line widths and spacing less than 5 microns is required to imple=-
ment microelectronics. This is nol an easy problenm as the multitude of proc-
essing steps and materials employed must meet stringent requirements of purity,
passivity, and accuracy.

It is fortunate that commercial photoiithography provided us with a numﬁer
of materials and processes which were useful in early microelectronic tech-
niques. Some of the materials are photb—resists9 and conductive ceramic inks;lo
the processes include screen printing and etched photo plates. Each of these

has been improved by several orders of magnitude due t0 the demands of new

electronic technologies. Photo~resists, particularly, have been improved to
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produce 0.3 to 5 micron lines, resist acids, and alkalis and react to light or
electron beams. Photo-resist is an organic, insulating liquid deposited as a
thin film surface coating on a substrate. Light or electrons polymerize
exposed surfaces, allowiﬁg the unexposed surface to be washed completely away
by the developer which may be watexr, trichlorethylene, or other organic sol-
vents. The "resists" may be positives, thereby reversing the process. This
resist pattern may bé used in one of two ways: & printing mask when reproduced
on a fine mesh screen, or an insulation mask for the selective etching, oxida-
tion, or electroplating of a material when reproduced on that material. The

- selective etching-through of a thin material provides a mask for evaporating

or sputtering patterns on substrates. Of course, when one seeks accuraey at

5 to 10 microns, scaling of patterns is implied. Photoreductions at 500x

are not unusual. Large-scale masks for reduction are usually machine cut

or computer programed and automatically cut into the opaque side of a
translucent/opaque dimensionally stable plastic sandwich. The opaque material<
1s removed and back illumination of the mask yields & negative pattern.

It is obvious that in microelectronics, one is dealing with biological
dimensions. However, this is not particularly new as transistor technology has
required dimensional control to better than 1 micron for several years. This
was achieved by machining processes, eilther gas or liquid etch, or metal-to=-
metal diffusions; time and temperature were the important variables. Since
1958 these dimensional controls have been maintained by photolithographic tech-
niques and diffusion processes.

The use of the masks formed by the processes varies according to the
fabrication procedure. Reproduction of any of the microelectronic circuits

is not too dissimilar from the three color dye transfer processes for color
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pPhotography; thus, in screen printing, dyes were replaced with cermets; in
evaporation or sputtering printing, the gaseous vapors of metals replace the
dyes; integrated circuits use an oxidizing vapor to form an oxide mask on the
base material which in turn i1s employed as a mask for printing a metallic dif-

fusion pattern in silicon. Indeed, these are all extensions of the printer's

art united with basic concepts of molecular science and the controlled manipu-

lation of electronic processes in materials.

Electronic Processes in Materials

The basic electronic phenomenon associated with microelectronics is con-
duction in metals, semiconductors, and insulators. The following electronic

-

processes are avallable, but no practical technology of utilization in micro=-

electronics exists.

Electronic Processes of Interest
to Microelectronics
Electron Conduction
Metals
Photoemission
Semi-Metals
Semiconductors
Photoconductivity
Photoelectricity
Peltier and Seebeck Effects
Hall Effect
Thermisters
Superconductors

Photoemission

3

R
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Dielectric
Piezoelectricity
Ferroelectricity
Ionic Conductivity
Magnetic
Ferromagnetism
Ferromagnetic Resonance
Paramagnetic Resonance
Cyclotron Resonance
Stimulated Emission of Electromagnetic Radiation
Lasers .
Masers
Conduction processes can best be characterized by the behavior of energy bands
and the allowed energy states of electrons in crystals. This is 1llustrated in
figure 2. In metals, electrons freely enter the highest allowed band as it
may not be filled; in semiconductors, the highest allowed energy band may be
filled and the energy gap is of sufficient magnitude to be crossed by thermally
exclted electrons; for insulators, 1t may be filled and separated from the
next allowed band by & wide forbidden gap. Conduction phenomena in insulators
yield dielectrics whose processes are normal, or linear, as with silicon
dioxide, or nonlinear as illuétrated by the ferroelectrice. Reslstors are
derived by conductive processes and may be metallic thin films, ohmic normal .
metals as thick films, metal-metal oxides dispersed in an insulating matrix as
in cermets, or minority carrier concentration in a semiconductor crystal.
Active elements such as transistors are based primarily on semiconductor

processes and silicon is the predominant base material with boron and
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phosphorous as the significant dopants. Except for highly specialized appii;“d
cations, silicon semiconductor processes apparently satisfy virtually all of
the material requirements of microelectronics and P-N Junction theory the
academic requirements.'

Before ieaving this brief materials discussion I want to state that funda-
mental research has ylelded these fruits to the engineer. Electronic processes
in materials are the essence of microelectronics and we are heavily dependent
on existing and future basic research efforts directed towards a better under-
sténding of these processes or the revelation of new processes. We must look
to new technelogies required to utilize these phenomena. In the case of the

transistor, it was not until planar diffusion techniques were developedSthat

predictable performance and religbility became possible.

Microelectreonic Systems

Semiconductor integrated circuit digital functions became commercially
available in 1960. Shortly thereafter linear integrated circuits were devel-
oped. A wide variety of functions sre available. These include low-level
differential amplifiers, biomedical signal conditioners, operational amplifiers, “>
ard oscillators. The most recent developments include low-level high-impedance
amplifiers suitable for use in biomedical experiments. Growth was phenomenal
and early prognostications of slow acceptance of microelectronic integrated
circuits were completely shattered in 1964 with mass scceptance of microelec-
tronics. Those of us associated with spacecraft instrumentation logically were
drawn to microelectronics. Potential reliability, so necessary for spacecraft
and the reduction of weight and size stimulated our interest and in 1962 NASA

initiated research and development programs intended to implement microelec-

tronics into spacecraft instrumentation. Government support of research in
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this area was extensive prior to 1962 and industry was diligent in supporting
much of their own research and develOpmeﬁt, but the development was computer
oriented. Pover-consuming digital functions could not be employed in space-
craft and amplifiers for biomedical experiments were not available. Initially;
the introduction of microelectronics into spacecraft was slow and deliberate
as the reliability inherent to the discipline had not been experimentally
established. But the spacecraft instrumentation specialist had to test and
verify relisbility predictions. As a result of these tests electronics will
find wider usage in spacecraft. The potentials can best be i1llustrated by
considering a deep space mission to the planet Jupiter.ll A nominal thrust
mission would taeke approximately 20,000 hours. In figure 3 I have shown that
conventional components, even with redundant circuitry, could not successfully
support such a mission. However, by 1967 or 1968, the reliability of micro-
electronic functions will have been established at a value where such a mis-
sion could be executed with a 90-percent chance of success. In addition, as
probe disvances increase, communication of command and telemetry information . ;
become. .icreasingly restricted. The power required to transmit data from a
space venicle to earth tracking stations increases as the amount of informa-~
tion to be transmitted in a unit time is increased. For deep space probes, the
power requirements become staggering unless data transmission rates are reduced;

as a consequence, onboard data processing sarpling and storage must be exten-

sive. Within the constraints of existing spacecraeft this can only be achieved

with microelectronics.
An excellent example of what can be achieved with microelectronics is shown
in figure 4. This is a six-channel pulse coded telemetry system weighing

6 ounces. The transmitter is not shown, nor is the weight included. Its
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advantage of weight and size is obvious. The most interesting aspect of this
system 1s the portability and applicability as a mobile biomedicael data system.
The six channels could process EKG, respiration, and temperature data and is
small enough to be carried by a patient or by roaming animals. The power
requirements would be dictated by the communication distance which in a labora-
tory could be very short. Here, I believe, is one of the most attractive
applications of microelectronics. Cathode follower equivalents can now be
innocuously placed in or on the biomedical subject with a decrease in threshold.
noise and an increase in sensitivity. Biomedical instrumentation and experi-
ments can assume & new order of complexity and neuron synthesis of a complex
nature can be constructed and reconstructed for better modeling. Many devices
are available at this time and the biomedical instrumentation specialist should
eventually become familiar with this new discipline for they affect concepts of
electronic modeling of biomedical functions, prosthetics, and experimental

instrumentation.

Conciusion

I began by discussing microelectronics. I cannot, in my own mind, however,
or spacecraft.
Out of today's potpourri of technologies has evolved a discipline called micro-
electronics. In part, it is a sophisticated method of microminiaturization,
but primarily it is a philosophy. This is unique in electronics inasmuch as
one of the early triumps of microelectronics has been an acceptance of elec-
tronics as a singular, rather than a more convenient or economical solution to
problems of instrumentation. The economic advantages of microelectronics
should, however, make available to small research laboratories highly specia-

lized computers and instrumentation which hitherto have been considered
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impractical dr_costly to the biologist. Subcutaneous implantation of elec-
tronics systems can more realistically be approached with the availability of
Versétile and reliable electronic functions and the insertion of controlling
electronic functions into the closed electrical loop of a living system can
also be accomplished.

The ability to make decisions and conceive ideas 1s relinquished by man
only in a small part to devices with speed and assisted sensory capacity. The
conceptual mechanism and most of the decisions have been retained because the
machines are inadequate. The adaptation of man over several decades cannot be
progamed into a machine in one decade. However, due to technological and fun-
damental reéearch, we are converging on solutions to microadaptation functions.
Crude machines today are giving us the rules of adaptation on a small scale and
microelectronics is contributing to smaller and religble functions. For the
first time, it appears that electronics may evolve as a major weapon in
attacking socio-psychological and physiological problems, through adaptive

machines and electronic prosthesis. Electronics, to date, has served to extend

our senses, speed our computations, and nothing more; it has served to unite -

poorly connected environments and yet by its very nature is riéhly connected to
enviromments of interest. If we conceive of men as adaptive mechanisms, every
cell modification contributing to its share of knowledge, acquired through
kncwn or unknown senses, glving us physlcal and mental responses to our environ-
wernt., can we not synthesize a small part of that adaptation and by so doing
inquire into the depth of cell adaptation, of virus and virus growth, behav-
ioral patterms, and virtually all of those processes agsoclated with man. To

my knowledge this approach to the task has not begun. Learning'machineé,'iﬁran
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& primitive state.today, Joined b& molecular electronics and all the tools of

molecular engineering are the first step in this direction.

»
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List of Fipures and Table

Figure l.~ Illustration of the various approaches to microelectronics compared
with a conventional printed board.structure. Left to right they
are: printed board, screen thick film electroceramic circuit,
evaporated thin film, and monolithic integrated circuit.

Figure 2.~ Illustration defining the behavior of the conductive processes in
metals, semiconductors, and insulators.

Figure 3.~ Graph illustrating the reliability improvement for a minimum thrust
mission to the planet Jupiter. Mission time - 20,000 hours based
on a 10,000 discrete component generalized system.

Figure 4.~ Photograph of a six-channel telemetry sysfem without transmitter.
Analog datas are encoded for transmission to a receiving station
by this telemeter.

Table l.- Table showing the relative advantages of the various microelectronic

forms.




22

LA
FR g

I INCH




Conductivity related to
the mobility of the
charged carriers as
the electrons freely

cross the energy gap.

Free electron

Conductivity related to
the external excita-
tion of electrons to

cross the energy gap.

Valernce electron

No crossing of the
energy gap. Elec-
tric field excitation
yields a bound ckarge
which acts as a die-

lectric and hence a

capacitor.

Ion conduction

conduction conduction
g JZe _Eg
(Ion conduction)

R = Resistance
k = Boltzmann constant
T = Temperature
Eg = Energy gap
A = Constant
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Table l.- Evaluation of the Three Baslic Microelectronic Technuigucs

Showing Areas of Advantageous Application

Techniques

Factors considered
. Integrated Thin-film Thick-film

circuits circuits hybrid circuits
Potential reliability X
Size Pl
Weight X T
Interconnections X
Design flexibility X
Circuit applicability X
Radiation damege X
Cost - low quantity X

e




